Introduction
Polymer nano-and microfibers are highly desirable as components in inexpensive porous materials having large surface-area-to-volume ratios for technological applications with significant societal impact, such as energy storage [1] [2] [3] [4] , air and water filtration [5] [6] [7] [8] , and biomedical uses [9, 10] including drug delivery [11] [12] [13] [14] [15] , wound healing [16] [17] [18] , and tissue scaffolding [19] [20] [21] [22] [23] [24] . Single needle-based electrospinning is a widely-used approach to obtain high quality mesofibers from polymeric solutions [25, 26] . However, the production rate when electrospinning in this manner (0.01-0.1 g h −1
) is insufficient for viable industrial scale manufacturing. In addition, the resultant fibers fabricated may often be of poor mechanical quality, due in part to the need for choosing material systems having easy solubility, a criterion which cannot be met by many useful commercial thermoplastics. High entanglement and strong inter-chain interactions in such materials simultaneously result in both intrinsic strength and low solubility. Thermoplastics can be processed by needle-based electrospinning in the melt phase, however this approach is notoriously unpopular due to persistent fundamentally detrimental system issues such as needle clogging and relatively large fiber size (due in part to difficulties in pumping viscous fluids at very low feed rates) [27] . However, despite such challenges, recently research efforts in melt electrospinning have been rapidly increasing, driven by the potential of creating fibers having enhanced mechanical properties, the ability to utilize of a wider range of materials, and most importantly, increasing awareness of the environmental impact of manufacturing, which motivates interest in limiting or eliminating solvent use in industrial scale fabrication processes.
In this work, an unconfined spinning geometry, instead of a needle, is utilized where a strong electric field at the plate edge causes many parallel fiber-forming jets to spontaneously form on a sheet of molten polymer, and subsequently, electrospin a commercial polyethylene material creating meso-scale fibers. The broad applicability of this method is demonstrated by also melt spinning moderate molecular weight (<50 kDa) polycaprolactone. The obtained fiber quality is similar to that from a traditional melt needle set-up. Unconfined geometries [28] [29] [30] [31] rely on electric-field induced spontaneous fluid perturbations to form jet sites, rather than mechanically pumping fluid through a confining nozzle. In such an open configuration, numerous simultaneous parallel jets produce the fibers, thus scaling the production rate by the increased jet number. This geometry is particularly well-suited for melt electrospinning as there are no nozzles to clog and fluid flow is determined by the interactions between fluid and field enabling dramatic tuning of effective feed rate. Thus, a wide-range of thermoplastic materials might be processed into meso-and nano-scale fibers utilizing this scheme. There is also interesting fundamental physics within such experiments: the process of spontaneous jet formation and the density of fiber-forming sites can be understood via fluid physics and conversely, serves as a tool to further understand the fundamental interactions between highly viscous, low ionic conductivity fluids and an applied electric field.
In this preliminary demonstration, continuous spinning with jet-to-jet spacing of ∼5 mm is obtained and the resultant polyethylene fibers have diameters ranging from 3-30 μm. Although the size distribution is large, more than 50% of the fibers possess diameters <8 μm, representing a meso-scale size region that is difficult to access with conventional fiber-forming techniques. The polycaprolactone fibers produced by this method have a narrower diameter distribution centered around 2 μm. Melt electrospinning in needle geometries also commonly results in fiber diameters in the 1-10 μm range [27] : hence, there is no loss in fiber quality by utilizing the unconfined approach versus traditional needle electrospinning. The fiber forming jets are robust (i.e., the jets are present indefinitely) and spontaneously re-form if inadvertently extinguished. Suitable operating temperatures, resultant melt viscosity, and appropriate voltage ranges for jet formation and maintenance were investigated.
In order to better elucidate the fundamental physics underlying fiber formation from high viscosity polymer melts in this geometry, the fluid mass flowing through each jet is measured (i.e., the flow rate), which is controlled by the fluid properties of the polymer melt and the applied electric field (determined by the system geometry and the applied external voltage). Distinct differences are observed when compared to the response of lower viscosity solutions in a similar set-up. The time scale over which the fluid spontaneously fingers and the experimentally observed jet density are both compared to theories where the interaction between fluid surface tension, viscosity, and the electric field determine the fluid response. Such an unconfined approach opens the possibility of higher throughput 'green' melt electrospinning of a variety of thermoplastic systems while retaining and potentially improving upon the fiber quality associated with the single-needle approach.
Experimental

Materials and characterization
ASPUN 6850A Fiber Grade Resin (Dow Chemical), a linear low density polyethylene (PE) with a manufacturer-stated melting temperature (T m ) of 131°C, and polycaprolactone (Polysciences) (PCL) with a molecular weight range of 32-40 kDa and T m = ∼60°C, were purchased and used without further purification. Polymer powder was obtained by successive cryo-grinding (SPEX CertiPrep 6750 freezer-mill) of either PE or PCL. Melt flow rate of the PE melts at different temperatures was measured with a melt flow rate meter (KTZ 400, Zhongshi Testing Equipment). The PE melt viscosity was measured with a capillary rheometer (Rosland RH10) over a temperature range of 160-280°C and at a shear rate of 20 s , which was the lowest rate at which data was highly reproducible. Dynamic scanning calorimetry (Perkin Elmer Diamond DSC-7, 25°C to 145°C at 10°C min ) was utilized to confirm the PE T m as within the range 131-135°C, with no substantial change observed upon cryogrinding or after melt electrospinning at 200°C for 60 min (with a 10-15 min of additional pre-heating, see below for details). Thermogravimetric analysis (Perkin Elmer Pyris) of PE at 280°C for 1 h revealed 1.2% mass loss, indicating that the polymer is suitably stable for extended times at temperatures significantly above the working electrospinning temperatures.
Apparatus
The melt-electrospinning apparatus (figure 1) consists of an aluminum source plate (14 × 5 × 0.5 cm with additional upturned (0.8 cm tall) ends on three sides) placed directly on a commercial hot plate (Fisher Scientific model 11-500-78H). The 1 cm region of the source plate closest to the collector tapers in thickness to an edge value of 0.03 cm, which is ultimately where the spinning occurs. The source plate is placed off-center in order that the tapered edge protrudes over the hot plate edge by 1 cm. A type J thermocouple (Omega) is pressed between two ceramic (1.5 × 1.4 × 0.5 cm) plates (bound together by four screws) and affixed to the source plate to monitor temperature. The opposite side of the source plate is connected to ground potential with a thick wire. The 20 × 30 cm isolated aluminum collector (covered with aluminum foil) situated 10 cm from the source plate is held at negative electric potential by a high voltage source (Glassman High Voltage Model FC60R2). The region between source and collector is only incidentally warmed via convection of ambient air from the source plate; it is not intentionally heated or temperature controlled. The spinning procedure was as follows: the hot plate is activated and allowed to reach the desired set temperature value. Once the set temperature is attained, 10 g of PE (or PCL) powder is distributed uniformly on the source plate. After the polymer material is fully melted (3-5 min) and the source plate has returned to the set temperature (an additional 10-15 min, as monitored via the thermocouple), the system is held at the set temperature for an additional 5 min before the negative polarity high voltage is applied to the collector, which subsequently initiates the fiber-forming, electrospinning process. PE fiber material fabrication rates are 1-2 grams per hour; thus the initial load of polymer mass on the plate is not significantly depleted during typical experiments of 60-90 min; PCL fabrication rates are ∼4.5 g hr 
Fiber characterization
The mass throughput of the electrospun fibers per time was determined by weighing the aluminum foil on the collector. Fiber diameter, diameter distribution, and fiber morphology were measured from scanning electron microscopy (SEM) images (Phenom FEI desktop SEM operating at 5 kV) where the fibrous mat samples were initially sputter-coated (Quoron Technologies, S67620) with Au-Pd at a thickness of ∼10 nm to produce a conductive surface and reduce charging effects. Optical microscopy (Nikon Eclipse 50i POL Optical Microscope) images also confirmed the size results obtained from SEM. Image-J analysis utilized 100 individual measurements per image to determine the fiber diameter distribution.
Calculation of electric fields
Electric fields were simulated from the known experimental configuration and applied voltage amplitudes using Maxwell 3D, an ANSYS Corporation product. Pre-loaded regular rectangular shapes were used to represent the collector plate and surrounding air region. The geometry of the source plate was defined by using drawing tools followed by the unite objects operation. Optimized simulation parameters resulted in a minimum (maximum) mesh element dimension of <0.6 mm near the plate edge (149 mm in the homogenous air region) with a total of 943 519 mesh elements to provide sufficient spatial resolution in the experimentally important regions. Numerical values were computed for both the total capacitance of the system and electric field strength along a line between source and collector plates. A three-dimensional visual representation of electric field strength in the experimental region was generated.
Results and discussion
Spontaneous jet formation
The process of spontaneous jet formation from a polymer solution in an unconfined geometry (e.g., a thin film on a metal plate or a solution-filled thin edged bowl) has been discussed previously [28, 30, 31] . In the current system (figure 1), a strong electric field is formed at the sharp edge of the source plate, resulting in electric field strengths and gradients that are similar to those found in traditional single-needle electrospinning. In the simplest model, when high voltage is applied, the fluid develops a non-zero surface charge and appears to swell (e.g., elongates along the source-collector direction, pulling over the edge of the source plate), but surface tension prevents unconfined growth, instead forcing fingering as a compromise between the electrostatic and surface tension forces. Above a critical electric field value, such fingering perturbations are unstable and evolve into fluid expelling cone-jets [32] [33] [34] [35] . The resultant structure consists of a relatively stable cone with mobile fluid moving through the jet (including the cone terminus) portion. Similar phenomena occur for melt electrospinning and the process is visualized in figure 2 for PE at a 180°C plate temperature and −45 kV applied collector voltage: 3-4 min after application of high voltage several fluid perturbations form. The protrusions change shape and reorganize, new perturbations develop, and jetting (expulsion of fluid from the terminus of a perturbation) occurs after an additional 2-3 min (at 5.5 min in figure 2 ).
Over the next 15-20 min the number of fiber-forming jets continues to slowly grow (figure 3, at 170°C and −45 kV). Once established, jets are robust-that is, they are present indefinitely. Note that the plate is oriented horizontally (figure 1) and the view in figure 2 is from above; gravity plays no role in the jet formation process.
The long time to form and organize instabilities is due to the high fluid viscosity of the polymer melt. A theoretical expression for the time for spontaneous fluid perturbation formation from a planar sheet of highly viscous fluid under the influence of an electric field has been previously reported [36] :
where σ is the rate of formation (the inverse of the characteristic time, τ), γ is the surface tension, k is the characteristic wavenumber of the perturbations (k = 2π/λ), h is the film thickness (in our geometry, the coating of fluid on the edge of the plate between the source and collector), η is the viscosity, E is the electric field at the plate edge, and ε o is the permittivity of free space. . During the first 20 min the throughput per jet is high and fibers can be observed visually to be quite thick (∼10 s of μm to 1 mm diameters). The throughput per jet has a lower value later in the process, and is associated with narrower fibers (∼5 μm diameters). The total mass transferred from source plate to the collector over 90 min was 1.3 g, which is 13% of the total mass on the source (10 g).
This dispersion relation indicates that perturbation patterns with different characteristic wavelengths will grow at different rates. In other words, spontaneous fluctuations can occur with many different spatial patterns (wavelength or k values); those that will grow (rather than being damped out) will have a large σ value. Thus the k value at which σ is maximized will set the characteristic spacing for a particular system. The maximum occurs when
This final characteristic spacing is independent of viscosity and film thickness (as discussed further in section 3.2). However, the rate at which the pattern forms depends on all variables and can be determined by substituting the dominant λ back into equation (1) to find:
Experimental measurements of σ were made at −45 kV (−41 and −43 kV) at 140-200°C (140-180°C) in 10°C steps. The electric field can be estimated via simulation (see section 2.5 for details), and varies with distance from the plate edge at a given voltage. The value of γ = 33.1-0.0390*T(°C) mN/m was obtained from reference [37] . Viscosity as a function of temperature was experimentally determined (see section 2.1 for details). Using h as a fitting parameter, the data and fit (from equation (2)) are presented in figure 4 with h = 505 μm (thick solid lines). For self-consistency, the electric field value 500 μm from the plate edge (e.g., 2.3 × 10 6 V m −1 for −45 kV) is utilized in the fit. For the range where both experimental σ and viscosity values are available, the agreement between experiment and theory is good. The obtained value of h is reasonable given the images in figure 2 and the height of the film on the plate (perpendicular to the plate-collector direction) which is ∼1.6 mm (determined by the polymer mass, density, and the area of plate).
Examining the results from figure 4 in more detail shows that although both the surface tension and viscosity are temperature-dependent, the viscosity effect is much more dramatic and (2) over the temperature range where experimental viscosity measurements are available. Dotted line is fit (equation (2)) with extrapolated viscosity data over a wider temperature range.
dominates. In this regime at ∼300°C above the glass transition temperature (T g = −125°C), the temperature-dependence of the viscosity (η) is expected to follow an Arrhenius form η = Ae E kT / (where A is a constant, E is the activation energy, k is Boltzmann's constant, and T is the absolute temperature) with an activation energy of approximately 6 kcal mol −1 [38] . The experimental data was consistent with such a form with E = 5.8 kcal mol −1 , which was then used to estimate the viscosity at a wider range of temperatures (i.e., down to 140°C). The σ values from the extrapolated viscosity are shown for the −45 kV case in figure 4 as a dotted line and correspond to the experimentally observed inverse jet initiation times.
This analysis indicates the process of fluid deformation, fingering, and ultimately jet formation in such an unconfined melt electrospinning process can be understood from fundamental fluid physics. In addition, after the jet formation and organization process, the characteristic spacing between fiber-forming fluid protrusions is also consistent with this fundamental model, as discussed in the next section.
Jet density
Equation (1) predicts a characteristic spacing between fluid perturbations as:
which depends only on the applied electric field and surface tension, as this fundamental interaction causes the fingering to occur. In principle, each of these perturbations will transform into a fiber-forming jet site. For instance, the data in figure 3 gives an experimental value of 20 ± 3 active jets at −45 kV (180°C) over the full 14 cm plate width or a characteristic λ = 7.0 ± 1.2 mm, which is larger but consistent with the predicted value of 5.3 ± 0.8 mm. Figure 5 summarizes experimentally observed jet number versus the theoretical prediction (assuming a 10% error in both the computational predictions and temperature-dependent surface tension estimate) for an applied voltage of −45 kV. Generally the jet number is ∼2/3 of the predicted value at temperatures of 160 to 190°C and shows no particular dependence on temperature. The explanation for the slightly lower jet number is the presence of non-jetting perturbations, such as revealed in the characteristic image figure 5(c) . The open regions indicated by arrows contain stable perturbations that have not developed into jets. Non-jetting perturbations are generally much wider than jets. In support of this hypothesis, figure 6 presents histograms of the jets spacing observed 1/2 h into the electrospinning process for plate temperatures of 170°C, 180°C and 190°C (−45 kV applied). Although the presence of nonjetting perturbations results in a distribution of spacing, the most probable inter-jet distances are 5.0 ± 0.5 mm, 4.5 ± 0.5 mm, and 5.5 ± 0.5 mm, with increasing temperature, which are tightly clustered around the expected value for this temperature range, 5.2 ± 0.8 mm.
At a fixed temperature, as expected, decrease in voltage results in jet loss as the electric field is reduced ( figure 5(b) ), which decreases expected maximum jet density (equation (3)) and increases the characteristic time scale (1/σ, equation (2)).
At a constant applied voltage (−45 kV) and source plate temperatures of less than 160°C, the jet number drops, with the jet density decreasing to half the higher temperature value by 140°C. Based on the estimate utilized to fit figure 4, the viscosity increases from ∼500 Pa-s at 170-180°C to ∼900 Pa-s at 140°C. Significant decrease in jet number upon increasing viscosity has previously been observed in unconfined solution-phase electrospinning [28, 31] and attributed to several distinct causes at the lower viscosity levels (1-17 Pa-s) present in such experiments. However, in the current experiments, these previously observed effects can be excluded. Prior theoretical and experimental work has established that both a minimum applied voltage/electric field and a minimum flow rate (Q min ) are needed to initiate and maintain jetting [32, 33] . This constraint is particularly important in unconfined electrospinning where the flow rate is determined by the interaction between the fluid and the electric field, rather than mechanical or gravity-assisted metering such as in most confined electrospinning. However, as discussed in detail in section 3.3, the experimentally measured flow rate is stable (0.06 ± 0.007 g h −1 /jet), even as the temperature drops from 190°C to 140°C at an applied plate voltage of −45 kV. Alternatively, increased viscosity can increase cone-jet diameter, resulting in interactions between neighboring perturbations and ultimately setting new constraints on the maximum jet number [28] . Experimental measurement of the average cone-jet diameter confirms that is constant at 2.4 ± 0.2 mm (−45 kV, 140-190°C). This observation also indicates that the average velocity within the jet, which is roughly Q/πa 2 (where a is the jet radius), does not change dramatically with temperature. Thus the loss of jets with decreasing temperature in the unconfined melt electrospinning approach does not appear to be related to flow. The third possible cause of jet loss at high viscosity is more innate. As discussed in section 3.1, although the minimum spacing between cone-jets is largely dominated by interplay between the surface tension and the electric field (equation (3)), the rate at which the system samples this parameter space (including the presence of spontaneous perturbations that are then either enhanced or decay away at an exponential rate) is determined by the fluid viscosity. Fluid perturbation and ultimately jet formation depends on fluctuations at the source plate edge, which are damped by high viscosity. Taking the argument to the extreme limit, at some point, the material becomes solid at experimental time scales, and no perturbations will be present. Thus in the very viscous regime, the rate of perturbation formation decreases and the system is unable to reach the steady state value predicted by equation (3) . This explanation is consistent with experimental observations at lower temperatures which show both fewer perturbations and a higher fraction of inactive (i.e., non-jetting) protrusions.
We conclude that the maximum jet density from a ASPUN 6850A melt is approximately 1.4 jets/cm (e.g., 20 persistent fiber-forming jets over the 14 cm length plate edge); this condition can be obtained over a range of temperatures (160-190°C) at an applied voltage (−45 kV) which results in an electric field amplitude of ∼2.2 × 10 6 V m −1 at the plate edge. This electric field value is quite similar to (within 20%) that utilized previously for solution-phase electrospinning of polyethylene oxide (PEO, 400 kDa) in a similar plate configuration, where the solutions had a surface tension of ∼60 mN m −1 (∼2× that of ASPUN 6850A) [29] [30] [31] . (Note that the plate edge thickness in this work is larger (and thus associated with a lower electric field for a given voltage) than used previously [28] .) In such a plate configuration, the maximum jet density obtained for 4 wt% and 6 wt% PEO solutions in water, was 0.9 jets/cm [28] , limited by jet-to-jet interactions. Thus, the results for melt jet density are very comparable to that previously obtained for electrospinning of solutions. As discussed in section 3.3, and as expected for a melt system, mass throughput per jet is significantly higher than when electrospinning from solution, where most of the volume passing through the jet is solvent and does not contribute to fiber mass and ultimately, the produced nanomaterial. This effect is one contribution that leads to melt electrospun fibers that are significantly thicker than their solution-phase equivalents (see section 3.4), and consistent with reported results for melt electrospinning using confined geometries. , which is comparable to rates utilized in single-needle melt electrospinning. For an applied voltage of −45 kV, the flow rate is constant with temperature. For an applied voltage of −41 kV, the flow rates are generally higher and exhibit a trend of decreasing flow rate with increasing temperature. In unconfined electrospinning, the flow rate is solely determined by the interactions between the electric field and the fluid, with a general approximate form of Q = πa 2 v where both v (the velocity of the fluid in the jet) and a (the radius of the jet) depend on applied voltage and temperature which alter the viscosity η [28, 31, 39] . For instance, as also true for some forms of confined electrospinning [34] , when electrospinning unconfined solutions, the most common effect of increased voltage is increased flow rate-that is the bigger driving force pulls more fluid from the surface, droplet, or orifice, increasing both the jet radius and the flow rate [28, 40] . Consequently, as experimentally verified in some confined cases [34] , the velocity within the jet (∼Q/πa 2 ) may actually decrease with increased applied voltage. Thus, fully understanding the electrospinning process requires measurement of both the flow rate and the cone-jet diameter. In unconfined electrospinning, experimentally measured cone-jet diameters reflect both the flow rate and the local viscosity, which in viscous systems has been shown to determine the cone and jet radii [28] . In essence, at higher viscosity, it takes a longer distance to transition from a given maximum velocity at the center of the jet to zero velocity in the cone region. Figure 7(b) summarizes the experimentally measured cone-jet diameters at a constant applied voltage of −45 kV as a function of temperature (filled squares) and at a fixed source plate temperature of 170°C as a function of voltage (open gray triangles). Cone-jets are measured within the first 30 min of active electrospinning.
The cone-jet diameters predictably follow the flow rate [41] . At an applied voltage of −45 kV, both the flow rate and cone-jet diameter are constant within error over the working temperature range. Thus, the system is quite robust in this range: altering the temperature affects the number of jets (as discussed in section 3.2) but functioning jets are not strongly impacted by the viscosity change as function of temperature. In contrast, jets formed at lower voltage are wider and have a larger flow rate.
Focusing on the effect of applied voltage, although actual flow rate and jet diameter are only rarely explicitly measured in confined melt electrospinning, the related quantity fiber diameter is reported. It is relatively common-place to observe an increase in fiber diameter with a decrease in applied electric field or voltage [42] [43] [44] [45] [46] [47] [48] [49] . This trend is present for a wide-variety of polymers and for systems where the flow rate is explicitly controlled (by an independent pump) or conversely, controlled at least in part by the applied electric field. (For the highly viscous fluids and low flow rates required for melt electrospinning, explicit control of flow rate can be experimentally challenging.) In general the observation of smaller fiber diameter with increased applied voltage in confined melt electrospinning is attributed to an increase in the electric force on the melt (which provides enhanced stretching) [43, 45] or an increase in jet velocity [46] . This observation would indicate that in contrast to many solution-phase cases, increased electrical force (in this range) does not lead to increased flow rate. We make this assertion because in melt electrospinning, due to the absence of whipping region (in almost all cases) and lack of solvent evaporation, flow rate is strongly correlated to fiber diameter [42, 44] . Although experimental constraints generally restrict the possible applied voltage amplitude to a narrow range, when a larger voltage range is tested, some workers see a flattening of response or a slight increase in fiber diameter at the highest voltage (i.e., applied electric field) [44, 46, 48] which indicates that at sufficiently high electric fields the flow rate may increase, a response more similar to that seen in solution-phase electrospinning.
In the unconfined case, the results in figure 7 clearly show that the flow rate (and the associated cone-jet diameter) increases with decreased applied voltage amplitude. These observations indicate a shear thinning effect: the larger the electrostatic force applied to the melt, the lower the viscosity. Thus, as the voltage level is decreased, the effective viscosity increases, leading to a wider cone-jet and a higher flow rate. In this hypothesis, the fluid velocity is lower at the lower applied voltages: the increase in flow rate is due to the increase in jet diameter due to the viscosity increase at lower shear rates. Hence, the very different viscoelastic properties of the melt result in a different response to the voltage than observed in solution-phase electrospinning. Furthermore, in the unconfined melt case, any direct increase in 'stretching force' on the fiber beyond the jet due the increased applied voltage is likely hidden by flow rate effects.
The single-needle electrospinning experiments in literature reported different fiber diameter dependence in different voltage ranges, which may be strongly influenced by effective flow rate. Here we observe a combined dependence of flow rate on both voltage and temperature. For example ( figure 7(a) ), when the applied voltage is small (−41 kV) then as the temperature increases, a decreased viscosity results in a decreased flow rate, which is consistent with a smaller jet diameter. However, one could easily imagine an alternative response when viscosity is lowered, such as that seen in unconfined electrospinning of polymer solutions, which would result in an increase in flow rate: decreased viscosity leads to a higher jet velocity and thus a wider jet. At the lower viscosities accessed with −45 kV applied, the flow rate (and cone-jet diameter) is now stable with temperature, which is likely the effect to these two counteracting trends. Here, the increase in jet velocity cancels the jet narrowing and the flow rate is stable with temperature.
Characteristic images of the resultant PE fibers and fiber diameter analysis are shown in figure 8 . The diameter of fibers formed with −45 kV applied (averaging over the entire collection time), shows little dependence on source plate temperature as might be expected due to the constant flow rate. Here, both optical and scanning microscopy images have been utilized to determine fiber diameter. Optical images ensure sampling of wider fibers and analysis of a large number of fibers, however the depth of field samples both in-focus and out-of-focus (i.e., slightly apparently broadened) objects. Thus, the average fiber diameter determined from electron microscopy (SEM) is consistently smaller but the values from the two techniques overlap within error. Overall, at all working temperatures from 140-190°C, fibers with an average diameter of 10 μm are formed, with a large distribution of fiber sizes. These results are similar to the fiber quality produced in many confined melt electrospinning schemes and confirm that the general unconfined melt electrospinning process is efficient and stable over a relatively wide temperature range. Figure 8(d) shows an example of the mass of fibers formed over an hour of electrospinning: fibers are tangled but separate and can be easily removed from the collector.
Visual observations of the electrospinning process reveal that the initial fibers formed upon jetting are very thick and that jet diameters narrow with time, leading to correspondingly thinner fibers. This observation is supported by measurement of flow rate as a function of time (figure 3), determined by measuring mass throughput in repeated experiments of different time duration. The flow rate drops from 1.7 mg per jet-minute during the first 20 min of operation where the jet number is still slowly increasing to 0.4 mg per jet-minute for electrospinning time intervals greater than 40 min. Thus, one reason for the large distribution of fiber diameters is the change in flow rate which occurs as a function of spinning time. The long equilibrium time of the system may be related to flow induced changes in viscosity and although small, change in the film thickness on the plate may lead to both a slight decrease in jet number and reduced flow rate. Nevertheless, these results indicate that under suitable conditions fibers as fine as ∼5 μm diameter can be fabricated from an unconfined melt electrospinning at a fabrication rate of ∼0.5 g h −1
.
Unconfined melt electrospinning of polycaprolactone
To illustrate the generality of this approach, a moderate molecular weight polycaprolactone (PCL) (43-50 kD, T m = 58-60°C) was also melt electrospun. Figure 9 summarizes the results of PCL electrospinning with a plate temperature of 100°C and an applied voltage of −45 kV. Using an estimated surface tension of 37.3 mN m −1 at 100°C [50] , the same electric field value as utilized in section 3.2, and equation (3), the predicted jet number is estimated as 18.6 ± 4.2, which matches well with the observed experimental value (achieved from 40-90 min in figure 9 ) of 19.9 ± 0.8. Electrospinning from an average of 18.5 ± 3.5 jets over the entire 90 min produced 7.1 ± 1.0 g of microfibers, resulting in an average flow rate per jet of 4.2 ± 1.0 mg min
. This value is higher than that observed for ASPUN polyethylene (ranging from 0.3-1.7 mg min −1 ). Despite the higher flow rate, cone-jet diameter was consistently smaller (1.8 ± 0.3 mm) than for ASPUN, which indicates a lower viscosity for the PCL melt. Lower viscosity is consistent with observations of jet formation, which occurs more rapidly with the first expelling jets forming within 3-4 min after application of voltage, and with the fabrication of thinner fibers with an average diameter of 1.8 ± 1.2 μm (from SEM image analysis). Such fiber diameters are fully consistent with those commonly obtained from needlebased melt electrospinning of similar material; however at a much higher production rate where spinning can be maintained for many hours without needle clogging.
Conclusions
Unconfined melt electrospinning is demonstrated with two different polymer systems. Jet-to-jet spacing of ∼5 mm is obtained in both cases, which is generally much smaller than the possible site spacing when electrospinning from multiple confined sources, e.g., an array of needles. Fundamental analysis shows the important physical parameters that control inter-jet spacing and flow rate. As in confined melt electrospinning, one of the most dominant effects influencing the process is the melt viscosity. Comparing results from PE at 170-190°C (40-60°C above T m ) and PCL at 100°C (40°C above T m ), which have similar surface tension values (∼37 mN m , respectively), we observe that for the lower viscosity material system (PCL) produces the expected jet number and provides high throughput per jet with a lower resultant fiber diameter. For the higher viscosity polymer system (PE), the time to form or re-form perturbations and jets is longer, not all perturbations transition into fiber-forming jets, and the formed fibers have a larger diameter. However, electrospinning, with moderate quality fibers and significant throughput, is still readily achievable. The effect of shear thinning on flow rate is clearly demonstrated for PE, indicating that the strongest result of increased voltage is a decrease in effective viscosity: utilizing such an approach may be useful in spinning high quality fibers from innately high-viscosity melt systems. From a technological perspective, the fabrication of fibers of the same quality as in the needle approach but at a much higher throughput (up to 80 mg min ) with no possibility of nozzle clogging opens the door to significant-scale production of microstructures (and perhaps even nanostructures) from a wide variety of thermoplastic systems, even high viscosity melts which may not be suitable for needle electrospinning. From a fundamental perspective, these experiments increase our understanding of highly viscous fluids under the influence of a strong electric field.
